I. Introduction
Population migration between urban and rural areas and the relationship between population migration and level of urbanization have been analyzed by several studies using spatial interaction models. After Stewart extended the physical analogy to include the concept of population potential in the gravity model, Anderson generalized the potential concept with a nonlinear distance exponent (Carrotherst, 1956) . Hansen (1959) suggested a model introducing the gravity potential concept, which is known as the gravity-type model, in order to analyze development potential considering the holding capacity in each region. This gravity-type model represents the energy of a region created by one mass of other regions, not the force between regions (Rich, 1980) . There are several studies on application of the gravity-type model for analysis of economic, market, public service, accessibility, and employment potentials (Williams and Senier, 1978 ; Linneker and Spence, 1992 ; Handy and Niemeier, 1997 ; Bruinsma and Rietveld, 1998 ; Talen and Anselin, 1998 ; Vickerman et al. 1999 ; Wu, 1998) . For analysis of urbanization in periphery areas surrounding a central city, however, there are few empirical studies using the gravitytype model, but one such study was done by Hansen (1959) . Rustiadi and Kitamura (1998) analyzed the ratio of urban land uses according to the distance from a central city considering an agglomerated index of a region. Kim et al. (2001) simulated the ratio of urban land uses in rapid growth areas using two types of multi-gravity centers in order to reflect a hierarchical settlement system with one big and several middle sized cities and rural areas. However, these models were simplified by introducing the concept that the urbanization of periphery areas is influenced by one or two gravity centers, unlike the principle of gravitational potential that represents the energy created at one mass of a region by another. To analyze urbanization in areas surrounding a central city, this study is more concerned with the total potential energy generated in a region by all the masses of regions in a system. Studies considering the effects of all regions have generally used a population potential model. Although relationships between population potential and activities in a region was not well defined, as an empirical study, Rich (1980) suggested a quadratic regression function showing good-fitness between net employment change as a dependent variable and population potential as an independent variable. As an application of such a model, Mfungahema and Kitamura (1998) showed that there was a high correlation between population potential and the ratio of urban land uses in areas surrounding a central city. In order to consider the influence of all regions for analysis of urbanization, this study is also intended as an investigation of relations between population potential and urbanization in areas surrounding a big city.
As accessibility is one of the most important factors that influence urbanization in urban fringe areas, the correlation between the development ratio of urban land and the measures of accessibility to employment and population is quite high (Hansen, 1959) . Considering time variance of accessibility, the population potential calculated by distance between all regions is sensitive not only to accessibility changed over time by the development of transportation infrastructure, but also by the distance measurement methods used, such as Euclidean, road, and time distances. For the measurement of accessibility, several studies have adopted Euclidean distance, road distance (Al-Sahili and Aboul-Ella, 1992 ; Gong and Kitamura, 1994 ; Mfungahema and Kitamura, 1998 ; Rustiadi and Kitamura, 1998) or time distance (Linneker and Spence, 1992 ; Spiekermann and Wegener, 1994 ; Handy and Niemeier, 1997 ; Bruinsma and Rietveld, 1998 ; Talen and Anselin, 1998 ; Cervero and Appleyard, 1999 ; Vickerman, et al., 1999 ; Kim et al., 2001) . Euclidean distance is a time invariant variable, while road and time distances are time variant variables. Although several studies of the spatial interaction model have used the reasonable distance concept, there is yet little agreement as to which kind of distance is well suited to their various research purposes. This study uses the three types of distance for calculation of the population potential, and analyzes response of a new model by the three types. A greenbelt, where new development of urban land is generally forbidden, plays an influential role on the spatial distribution of urbanization in fringe areas of big cities. A greenbelt is usually established outside the urban fringe for conservation of public amenities such as clean water and air, scenery, and recreation away from congested urban areas. Through urban growth of a big city, possible residential areas within the greenbelt line are saturated by urbanized land until the urbanized area reaches that line (Lee and Fujita, 1997) . The continuous urban expansion and a population dispersion policy promoted by governments of big cities accelerate the urbanization of rural areas and areas surrounding satellite cities. In this case, curves, such as population density (Wang and Zhou, 1999) , bid-rent (Lee and Fujita, 1997) , and urban land ratio according to distance from the center city, have discontinuous forms through the greenbelt area, because the values there do not increase over time, while the values in areas surrounding the greenbelt increase continuously. Thus, the distribution of urban land uses in areas surrounding a big city with a greenbelt cannot be analyzed by simple distance decay functions. Thus, the main purpose of this study is to develop a model considering the restriction effect on urbanization by the greenbelt in order to analyze the urbanization in periphery areas of a big city. For this purpose, this paper models urbanization by population potential introducing the greenbelt effect using several accessibility measurement methods.
where t+1A denotes the area conserved from urbanization pressure within the greenbelt between time t and t+1 as shown in Fig. 1 . Herein, in order to quantify the greenbelt effect, considering the unit area of the greenbelt (dg) and the control effect (t+1C) in the above site of Fig.1 , Eq.(6) can be expressed.
where t+1C and dg denote a coefficient of the greenbelt effect and length of the greenbelt in Fig.1, respectively. From the above Eqs. (5) and (6), this study defined the restrictive effect (t+nhi) as Eq. (7), considering the width of greenbelt in region i (dgi) as area ratio of the greenbelt in each region. where Ogi and Oi denote the area of greenbelt and the total area of region i, respectively. Since the relationship between population potential and the ratio of urban land uses has never been defined theoretically, this study adopted an empirical quadratic equation that has been used in existing studies (Rich. 1980 : Mfungahema and Kitamura, 1998) where t+na, t+nb, and t+ne denote parameters (herein,"t+nb=t+nbk and t+ne=t+nek2).
II I. Application of the model 1. Description of study area For this research a case study area located in the south of Kyunggi Province, an area south of Seoul and the most rapidly growing area in the ROK was selected (Fig. 2 ). This area spans 3,988km2 and consists of 79 county subdivisions (Myun in Korean) and cities as shown in Fig.  2 . Satellite cities and rural lands in this area have been rapidly urbanized by the outwardmigration of population from Seoul since the 1960s. Seoul has especially strongly influenced the urbanization of this area, because the area east of Seoul is conserved due to water supply dam for the metropolitan area, the area north is controlled for military facilities for the national defense, and the area west is restricted by geographical condition nearby the Yellow Sea, greatly limiting development in those directions. Several policies such as the National Land Use and Management Act, the Capital Regional Planning, and the Greenbelt System have influenced the land-use changes in this metropolitan area (Hang, 1999 , Kim et al., 2002 . Therefore, this study defined this study area as the system for analyzing urbanization level of each region within this area, considering population potential of all regions in this area including Seoul. Here, we assumed that the surrounding areas of Seoul except for the south have influence hardly on the each region in the study area, because population migration of this area has been focused on Seoul due to the land-use policies.
In order to control the urbanization of Seoul, a part of the area to the south was established as a greenbelt in the early 1970s (Fig. 2) . Although the greenbelt established by the City Planning Act since the early 1970 has restricted new development for urban land within the area, Table 1 and Fig. 4 Fig. 5 , R2s of the new model are higher than the simple quadratic model in all cases. The distance decay function (Ui=adbij, where j is Seoul) was also regressed for all data sets for comparison with the new model as shown in Table 3 . The result shows that the distance decay function is not well fitted with distribution of urban land uses in the study area, designating R2s are somewhat low ranging from 0.25 to 0.53. The coefficients and exponents are increased over time, and the corresponding R2s are also increased. In three distance types, the case using TD has the highest R2 followed by those of RD and ED. This also means that the proposed model agrees well with the study area with the greenbelt, where analysis using the existing simple models is difficult. As shown in Table 4 showing the statistics for three types of distance from Seoul, it was demonstrated that the ED is a time invariant variable, while the Table 2 The optimization results of the existing model without greenbelt effect Table 3 Regression results of the distance decay function from Seoul (Ui=adbij, where j is Seoul)
RD and TD are time variant variables decreasing by development of accessibility according to time, and the TD decreased more rapidly than the RD. 6. Analysis of the greenbelt effect The coefficient of greenbelt effect, C, optimized in the new model, became larger by year in all distance measurement methods (Fig. 6) . This result indicates agreement with the model assumption that the C value increased along with the,t+nU curve, which has high value according to time, because of urbanization by population increase. Analyzing C values of the three periods, that of 1995 increased more rapidly than those of the other two years. This designates that the corresponding 1995U curve increased more than those of 1985U and 1990U, namely, urbanization between 1990 and 1995 occurred more rapidly than between 1985 and 1990 . This is demonstrated by the simple statistics of Table 4 , indicating the average increase rate of the study area for 1985-1990 is 1.6%, while the increase rate for 1990-1995 is 3.5%.
Model response to accessibility measurement methods
The results of impact assessment for the model accuracy of the three distance measurement methods show that population potential using TD has the highest correlation followed by RD and ED (Fig. 7) . This indicates that TD considering transportation among the three distance measurement methods is the most appropriate method for accessibility measurement, as a driving force of population movement. In addition, as shown in Fig. 5 and Table 2 , despite the simple quadratic model without the term for greenbelt effect, their R2s in the cases using TD were higher than those of ED and RD, and differences between those and the new model's results were smaller than those of ED and RD, relatively. These results indicate that the correlation between population potential and the ratio of urban land uses in areas excluding the greenbelt is higher in the case using TD than the other cases. 8. Change of population potential surface Fig. 8 presents maps of contour lines generated using the function TINCONTOUR in ARC/ INFO from population potential calculated by the optimized distance exponent. The distribution of population potential in the study area shows relative low values compared with Seoul, due to difference of population between Seoul and each area. The optimized model has various a values for the three data sets and three distance types, as relative values to 100 set for Seoul, population potential of each area was increased according to year. In addition, the population potential Table 4 Statistics of urban land ratio and three distance measures from the center of Seoul 
